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View OnlinepH effect on the assembly of metal–organic
architectures
La-Sheng Long*
DOI: 10.1039/b921146bCrystal engineering is the rational design and assembly of solid-state structures with desired
properties via the manipulation of intermolecular interactions, hydrogen bonding and metal–
ligand complexation in particular. The heart of crystal engineering is to control the ordering of
the building blocks, be they molecular or ionic, toward a specific disposition in the solid state.
The relatively weak strength of intermolecular forces with respect to chemical bonding
renders the assembly of supramolecular constructs sensitive to external physical and chemical
stimuli, with pH condition of the reaction mixture being arguably the most prominent and
extensively observed. Using selected examples of constructing metal–organic architectures
from recent literature, the influences of pH on the specific ligand forms, the generation and
metal coordination of hydroxo ligands, ligand transformation promoted by pH condition
changes, pH-dependent kinetics of crystallization of a number of metal–organic architectures
are discussed. Current status of this particular areas of research in supramolecular chemistry
and materials are assessed and personal perspectives as to toward what directions should this
chemistry head are elaborated.1 Introduction
Crystal engineering, which was first used
in 1955,1 is ‘‘the understanding of inter-
molecular interactions in the context of
crystal packing and the utilization of such
understanding in the design of new solids
with desired physical and chemical prop-
erties’’.2 Its essence is the manipulation of
intermolecular interactions by which
molecular ordering of building blocks inState Key Laboratory of Physical Chemistry of
Solid Surface and Department of Chemistry,
College of Chemistry and Chemical
Engineering, Xiamen University, Xiamen,










1354 | CrystEngComm, 2010, 12, 1354–1365the solid state may be controlled and
materials with desired properties may be
produced.3 Among the different types of
intermolecular forces, such as p/p,4
halogen/halogen,5 Au/Au6 and ionic
interactions,7 all have been exploited in
crystal engineering studies so far,
hydrogen bonding and metal–ligand
complexation are most extensively
studied in crystal engineering as they are
directional and significantly stronger than
the other intermolecular interactions.8
These forces are nevertheless rather weak,
and ensembles due to the collective
stabilization of such forces are still
susceptible to external physical or chem-ng received his B.S. and M.S. degrees in
pectively from Anhui Normal University in
zhou University in 1989, and his Ph.D. from
niversity in 1999. He is now a professor of
ersity. His current research is focused on
c and materials chemistry of cluster
f lanthanide-transition metal elements.
This journical perturbations such as solvent partic-
ipation in crystallization or temperature
change to the same reaction mixture.9,10
The pH condition of a reaction mixture
represents another important factor with
which one may control the outcome of
crystal engineering, in particular in the
construction of metal–organic architec-
tures.11 The pH influences are due to (1)
the specific ligand forms are frequently
dependent on the degree of the ligand
protonation; (2) the generation of hy-
droxo ligand is strongly dependent on the
pH condition of the reaction if it is carried
out in aqueous solutions; (3) the coordi-
nation of ancillary ligands are also
dependent on the pH condition; (4) in situ
formation of ligands that are different
from the original ones may be possible
depending on the reaction pH conditions;
and (5) the reaction kinetics can be
controlled by altering pH conditions. The
specific forms of ligands, potentially
coordinating OH groups and ligands
produced in situ all contribute to the
complexity of metal–ligand complexation
as well as the packing of the building
blocks upon crystallization, while reac-
tion kinetics control through pH change
may lead to crystallization of bulk solid
state materials with unusual properties
such as optical activity. Using selected































































View OnlineHighlight aims to illustrate the profound
influences of pH conditions on the
construction of metal–organic architec-
tures. Specifically, the discussion will be
focusing on the construction of metal–
organic architectures featuring carboxyl-
ates, polyoxometalates, and imidazole
derivatives as key framework-building
ligands. Wherever appropriate, the
participation of ancillary ligands, in
particular those based on dipyridyl
moieties and small-unit ligand derived
from water are noted.Chart 1
Fig. 1 ORTEP plot showing the structure of 1. (Reprinted with permission from ref. 14. Copyright
2007 The American Chemical Society.)
Fig. 2 ORTEP plot showing the structure of the copper(II) dimer in 2. (Reprinted with permission
from ref. 14. Copyright 2007 The American Chemical Society.)
Fig. 3 ORTEP plot showing the structure of the copper(II) dimer in 3. (Reprinted with permission
from ref. 14. Copyright 2007 The American Chemical Society.)2 pH effect on the topology of
metal–organic architectures
2.1 pH effect on the structure of
carboxylate-based metal–organic
architectures
Carboxylate ligands represent an impor-
tant class of functional building units in
the assembly of supramolecular architec-
tures.12 Numerous structurally diverse
metal–organic frameworks have been
constructed mainly due to the versatile
coordination modes (Chart 1)12e of car-
boxylato ligands whose specific forms are
highly dependent on the pH condition of
the reaction mixture. As these different
forms coordinate to a particular metal ion
in drastically different fashion, the
resulting metal–organic architectures are
sensitively dependent on the pH condi-
tions. In addition, the carboxylato group
is frequently involved in hydrogen
bonding interactions, both as hydrogen-
bond donors (when it is protonated) and
acceptors; hydrogen bonding plays an
important role in determining the solid
state arrangement of the building
blocks.12
For this particular class of supramo-
lecular assemblies, the most frequently
observed effects caused by changing pH
conditions is the different dimension of
the resulting metal–organic architec-
tures.11,13–24 For example, the reaction of
cupric acetate with benzoic acid and
4,40-bpy in methanol–water solution at




0-bpy) (1) (Fig. 1),14 while at
pH ¼ 6.0, two dimeric copper(II)
complexes, [Cu2(H2O)2(benzoate)4(4,4
0-
bpy)3]$(H2O)9 (2) (Fig. 2) and
[Cu2(benzoate)4(4,4
0-bpy)3] (3) (Fig. 3),
were obtained. Using the same reactionThis journal is ª The Royal Society of Chemistrymixture, the one-dimensional (1D) coor-




(H2O)5 (4) (Fig. 4) resulted at pH ¼ 7.5.
Upon further increasing pH to 8.02010afforded the 2D structure of
[Cu3(OH)2(H2O)2(benzoate)4(4,4
0-bpy)2]
(5) (Fig. 5). On the basis of the compo-
nents of 1 to 5, it is clear that the pH effect
on the structures of 1 to 5 is in fact on theCrystEngComm, 2010, 12, 1354–1365 | 1355
Fig. 4 ORTEP plot showing the 1D chain in 5. (Reprinted with permission from ref. 14. Copyright
2007 The American Chemical Society.)
Fig. 5 ORTEP plot showing the 2D structure of 5 viewed along the a-axis. (Reprinted with
permission from ref. 14. Copyright 2007 The American Chemical Society.)
Fig. 6 View of an open rhombic framework based on infinite metal–aqua chain in 6. (Reproduced
from ref. 25 by permission of The Royal Society of Chemistry.)
Fig. 7 Schematic view of the overall trinodal
4-connected 3D net in 7. The layers in the
previous figure are connected by interlayer bpa
bridges between the Cu1 nodes. The net is self-
penetrating, as highlighted by the blue rod
passing through the orange 8-membered
shortest circuit. (Reproduced from ref. 25 by
































































View Onlineprotonated extent of benzonate, since the
ratio of 4,40-bpy to benzoate ranges from
1 : 1 to 1 : 2 with the increase of the pH
value of the reaction from 5.5 to 7.5. In
addition to increasing the ratio of 4,40-bpy
to benzoate in the complexes, pH effect
also significantly influences on the
tendency of 4,40-bpy as a bridging ligand.
As demonstrated in 1 to 5, at pH < 6, no
4,40-bpy ligand functioned as a bridge,
while at pH ¼ 6, only one 4,40-bpy ligand
functioned as a bridge. Further increasing
the pH to higher than 7.5, all 4,40-bpy
ligands functioned as bridges. Clearly, the
observed dimensional disparity is due to
the pH effect on the different forms of the
carboxylic acid. The different coordina-
tion modes also affect the rest of the
coordination sphere of individual metal
centers, leading to the different ratios of
benzoate to 4,40-bpy observed in the final
products.
There also exist a number of exam-
ples25–27 in which although there are no
dimensional changes of the architectures
at different pH, the detailed structures
differ drastically. For example, the reac-
tion of Cu(OAc)2$H2O with H4bptc
(H4bptc ¼ 3,30,4,40-benzophenonetetra-
carboxylic acid) and bpa (bpa ¼ 1,2-bis-
(4-pyridy)ethane)25 at pH ¼ 3 produced
{Cu(H2bptc)(bpa)(m2-H2O)}n (6), an
open 3D rhombic framework based on an1356 | CrystEngComm, 2010, 12, 1354–1365infinite metal-aqua chain (Fig. 6), while at
pH ¼ 7, a rather unusual 3D, trinodal,
4-connected self-penetrating network
microporous framework formulated as
{[Cu2(bptc)(bpa)2(H2O)]$6.5H2O}n (7)
was obtained (Fig. 7). Their structural
difference originates from the different
coordination modes of bptc ligand,
a direct consequence of the different
degree of protonation of the carboxylato
ligand; at pH ¼ 3, the ligands are
unidentate, whereas at pH ¼ 7, the they
adopt the bridging mode.
The pH influence on the structural
variation of certain metal–organic
architectures is subtle and intriguing, and
a rationalization of the results is admit-
tedly not readily available.28–33 For
example, the reaction of Co(OAc)2$4H2O
with 5-tert-butyl isophthalic acid (tbip)
and 1,3-bi(4-pyridyl)propane (bpp)28This journproduced a one-dimensional tube-like
structure of {[Co(tbip)(bpp)(H2O)]2$
4H2O}n (8) (Fig. 8) and a two-dimen-
sional corrugated network structure of
{[Co(tbip)(bpp)]$H2O}n (9) (Fig. 9) at
pH ¼ 6 to 7.5, respectively. In the two
compounds, the tbip ligand is fully
deprotonated, and the Co–tbip–bpp ratio
is the same; the only differences are (1)
there are two additional aqua ligands in
the lower-pH case and (2) the conforma-
tion of the bpp ligands and their relative
orientation with respect to the coordina-
tion of the Co(II) ions.
In addition to affecting the degree of
protonation of the carboxylic acid ligand
and therefore their coordination mode,
the influence of pH is also reflected in the
frequent formation of hydroxo ligand due
presumably to the deprotonation of
water. For example, the reaction of Cu-
(NO3)2$3H2O and H3BTC (trimesic
acid)29 generated a 2D three-fold parallel
interpenetrated network of [Cu3(BTC)2-
(H2O)3(NH3)4]n$2nH2O (10) at pH 8.3
(Fig. 10), whereas at pH 9.2, a 2D bilayeral is ª The Royal Society of Chemistry 2010
Fig. 8 Side views of a tube-like chain in 8. (Reprinted with permission from ref. 28. Copyright 2009
The American Chemical Society.)
Fig. 9 2D sheets bridged by bpp molecules in 9.
(Reprinted with permission from ref. 28. Copy-
right 2009 The American Chemical Society.)
Fig. 10 A perspective view of (a) the three-
fold parallel interpenetration network of 10
(the three layers are represented in different
colours) and (b) side view of (a). (Reprinted
with permission from ref. 29. Copyright 2007
The American Chemical Society.)
Fig. 11 A perspective view of (a) the bilayer structure of 11 (the three layers are represented in
different colours) and (b) side view of (a). (Reprinted with permission from ref. 29. Copyright 2007
The American Chemical Society.)
Fig. 12 Plot showing the hydrogen bonding
between SiW12O40
4 anions and [Cu2(4,4
0-
bpy)(4,40-Hbpy)4(H2O)4]































































View Onlinestructure of [Cu4(BTC)2(OH)2(H2O)2-
(NH3)4]n (11) was obtained (Fig. 11). The
participation of hydroxo ligands in the
coordination of the latter is clearly why
the two structures are so different.
2.2 pH effect on the structures of
polyoxometalates-based metal–
organic architectures
Bearing unique properties and exhibiting
a diverse compositional range, poly-
oxometalates (POMs) represent an
attractive class of molecular buildingThis journal is ª The Royal Society of Chemistryblocks for the construction of supramo-
lecular materials.34 There are a large
number of coordinating atoms in a POM,
but their coordinating power is relatively
weak because of the diffuse and small
amount of negative charge associated
with each of these coordinating atoms. As
a result, the assembly of POM-based
coordination polymers is sensitive to
synthesis conditions,35 analogous to the
use of carboxylate ligands. As compared
with the extensive use of carboxylate
ligands in the construction of metal–
organic architectures, the number of
POMs-based metal–organic assemblies is
rather small. Even so, the profound pH
dependence of the final structure has been
clearly shown. The coordinating ability of
POM may be affected by the pH condi-
tion and so resulting in different struc-
tures.36–38 Change in pH may also lead to
structural change in the POM itself, and
hence the assembly based on these
uniquely structured building blocks.39–41
Metal oxidation numbers may also be
altered upon pH change of the reaction
mixture containing POM, which in turn,
induces structural change of the resulting
coordination frameworks.35
The pH influence on POM coordi-
nating ability is manifested by the
distinctly different structures obtained
from the reaction using a mixture of2010Cu(NO3)2$6H2O, silicotungstic acid and
4,40-bipy under different pH conditions.
In the compound of {[Cu2(4,4
0-bpy)(4,40-
Hbpy)4(H2O)4](SiW12O40)2(H2O)4}n (12)
obtained at pH ¼ 3.5, the Keggin anion
does not provide any coordination to the
Cu(II) ions (Fig. 12).36 When the pH
increased to 5.5, each of the Keggin
anions in the compound of {[Cu2(m2-
H2O)2(4,4
0-bpy)3(SiW12O40)](H2O)6}n
(13) coordinates two Cu(II) ions (Fig. 13).
Further increase of pH to 8.5 resulted





(14) coordinating to four Cu(II) ions
(Fig. 14). The coordination difference in
the Keggin anion at different pH leads to
the dimension of the POMs-based archi-
tectures from 0D, 2D to 3D.
Structural change of POM units was
observed in the reaction of Ni-
(NO3)2$6H2O, H4O40SiW12 and 4,4
0-bpy
under different pH conditions.39 At pH ¼
6, a 2D structure of [Ni(4,40-Hbpy)2(4,4
0-
bpy)(H2O)2](SiW12O40)$6H2O (15)
(Fig. 15) was obtained, in which the de-
protonated Keggin anion maintains
its parent structure. Interestingly, a 1D




6H2O (16) (Fig. 16) was formed at pH ¼
7, wherein one of W atom in the originalCrystEngComm, 2010, 12, 1354–1365 | 1357
Fig. 13 Plot showing the 2D [Cu2(m2-
H2O)2(4,4
0-bpy)3(SiW12O40)]n in 13 viewed
along c axis.
Fig. 14 Plot showing 3D structure of 14
viewed along the c axis (a) and along the b axis
(b).
Fig. 15 ORTEP plot showing 2D structure in
15. Hydrogen atoms were omitted for clarity.
(Reprinted with permission from ref. 39
Copyright 2005 The American Chemical
Society.)
Fig. 16 ORTEP plot showing 1D Z-shaped chain in 16. Hydrogen atoms were omitted for clarity.
(Reprinted with permission from ref. 39. Copyright 2005 The American Chemical Society.)
Fig. 17 ORTEP plot showing the
[SiW11O39Ni(4,4
0-Hbpy)] unit and the coordi-
nation environment of Ni(II) ions in 16. (Re-
printed with permission from ref. 39.
Copyright 2005 The American Chemical
Society.)
Fig. 18 Ball-and-stick and polyhedral representations of the polythreaded structure in 17. (Yellow
and green polyhedra represent [d-Mo8O26]
4 and [a-Mo8O26]
4 polyoxoanions, respectively, and
black dashed lines represent CuI–CuI interactions between two [Cu(bbi)]+N chains.) (Reprinted with































































View OnlineKeggin anion was replaced by a Ni(II) ion
(Fig. 17).
Another interesting example of POM
structural change upon pH variation is
established by the isomerization of
Mo7O24
6 anion in the reaction of




40 At pH 4 to 5, the1358 | CrystEngComm, 2010, 12, 1354–1365Mo7O24





Mo8O26)0.5][a-Mo8O26]0.5 (17) exhibits an
intricate 3D supramolecular structure
(Fig. 18), while at pH ¼ 2, a 2D supra-
molecular sheet of [Cu(bbi)(q-
Mo8O26)0.5][Cu(bbi)] (18) was obtained
(Fig. 19), in which the original Mo7O24
6
anion is transformed into q-Mo8O26
4.
A unique example is provided by the
reaction of H4SiW12O40, 4,4
0-bpy, and
Cu(II) ion.35 At pH  5, a 3D metal–
organic framework of {[Cu2(4,4
0-bpy)4-
(H2O)4]$(SiW12O40)$(H2O)18}n (19) was
obtained. It can be viewed as adjacentThis journfour-connected 2D structures of [Cu(4,40-
bpy)2(H2O)2]n
2n+ being associated
through the direct incorporation of the
SiW12O40
4 anion (Fig. 20). At pH  8,
a 3D structure of {[Cu(4,40-bpy)1.75]4(Si-
W12O40)(H2O)3}n (20) composed of
adjacent pseudo-63 networks (formed by
interlocking adjacent 1D chains of
{[Cu(4,40-bpy)1.75]4}n
4n+ with hexagonal
voids) interpenetrated with SiW12O40
4
anion was obtained in which the original
Cu(II) ion is reduced to Cu(I) (Fig. 21).2.3 pH effect on the structures of
imidazole-based metal–organic
architectures
The imidazole group, because of its pres-
ence in almost all copper proteins, has
received great interest both in synthetic
models for copper protein active sites42,43
and in the design of host molecules for the
recognition of copper ions.44,45 Recent
studies established the significant role of
imidazole-based ligands in the construc-
tion of metal–organic architectures.46 As
in the case of carboxylato ligands, the pH
condition of a reaction mixture contain-
ing imidazole-based ligands determines
the degree of protonation of the ligands
and therefore their coordination mode,
metal to ligand ratio, and the structure of
the final products. The reported pH
effects on the structure of imidazole-al is ª The Royal Society of Chemistry 2010
Fig. 19 Ball-and-stick and polyhedral representations of the 2D polythreaded structure in 18. (Red
polyhedra represent [q-Mo8O26]
4 polyoxoanions, and pink dashed lines represent CuI–CuI inter-
actions between two [Cu(bbi)]+N chains.) (Reprinted with permission from ref. 40. Copyright 2008
The American Chemical Society.)
Fig. 20 (a) Structure of the 44 network of [Cu(4,40-bpy)2(H2O)2]n
2+ in 19, (b) arrangement of the
SiW12O40
4 anion in the 44 network in 19, and (c) 3D structure of 19 (Cu¼ cyan; O¼ red; W¼ blue;
Si¼ grey; C¼ grey; N¼Cambridge blue). (Reprinted with permission from ref. 35. Copyright 2006
The American Chemical Society.)
Fig. 21 (a) Structure of the 1D chain of {[Cu(4,40-bpy)1.75]4}n
4n+ in 20, (b) structure of the pseudo-63
network of [Cu(4,40-bpy)1.75]n
n+ in 20, (c) arrangement of the SiW12O40
4 anion in the 2D network in
20, and (d) 3D structure of 20 (Cu¼ cyan; O¼ red; W¼ blue; Si¼ grey; C¼ grey; N¼ Cambridge































































View Onlinebased metal–organic architecture are
reflected in two aspects, one being the
deprotonated ligand resulting in discrete
molecular complexes that are further
hydrogen-bonded into supramolecularThis journal is ª The Royal Society of Chemistryassemblies,47–49 and the other being the
resultant discrete molecular complexes
covalently linked into molecular aggre-
gation or coordination polymer.50–55 As
shown in Fig. 22, at a relative low pH, the2010reaction of N,N0-bis((2-substituted-imi-
dazol-4-yl)methylene)-3,30-diaminodi-
propylamine (2-substituent ¼ H, H2L2)
with Cu(ClO4)2 yields a discrete mono-
nuclear complex [Cu(H2L2)]$(ClO4)2 (21).
At a higher pH, one of the imidazole
groups in the ligand was deprotoned, and
the adjacent [Cu(HL2)]
+ units are self-
assembled into a 1D helical chain of
{[Cu(HL2)](ClO4)}n (22) via hydrogen
bonding interactions.47
In addition to the aforementioned
hydrogen-bonded assembly, discrete
metal complex units formed at a relatively
high pH can also be covalently linked,
affording a 1D zig-zag chain of 2350
(Fig. 23) or a molecular square of
([Cu(HL1)]
+)4 (24)
50 (Fig. 24).3 pH effect on the chirality of
supramolecular architectures
Chirality is an essential element of life.56 It
also has significant industrial applica-
tions.57 In the past decades, great efforts
have been made generate chiral metal–
organic architectures, and several
synthetic strategies have been successfully
developed.58–61 In the course of these
studies, the influence of pH on the
chirality of the metal–organic architec-
tures has gradually been recognized. It
has been shown that spontaneous reso-
lution of chiral metal–organic architec-
ture can be achieved upon pH
adjustment.46,49,62 Alternatively, individ-
ually chiral structure can be generated
because of the transformation of ligands
from originally being meso to racemic.63–65
Yet another way of inducing chirality, in
particular toward the production of ho-
mochiral materials is by using pH to
control the kinetics of the crystallization
of the metal–ligand assembly.66–69
An example illustrating spontaneous
resolution of chiral metal–organic archi-




49 At a relatively
high pH, the complex units [Co(L6)],
formed with the fully deprotonated
ligand, are connected by water molecules,
leading to a hydrogen-bonded network
structure with coexisting C and A enan-
tiomers. At a lower pH, the formal hemi-
deprotonated species [Co(H1.5L
6)]1.5+
self-assembled into an extended
2D homochiral layer structure ofCrystEngComm, 2010, 12, 1354–1365 | 1359
Fig. 22 ORTEP drawing of the cation [Cu(H2L2)]
2+ in 21 (left) and 1D helical chain of
([Cu(HL2)]
+)n (right) in 22. (Reprinted with permission from ref. 47. Copyright 1997 The American
Chemical Society.)
Fig. 23 ORTEP drawing of the cation [Cu(H2L2)]
2+ (left) and 1D zig-zag chain of ([Cu(HL2)]
+)n
(right) in 23. (Reprinted with permission from ref. 50. Copyright 1998 The American Chemical
Society.)
Fig. 24 ORTEP drawing showing the structure of the cation [Cu(H2L1)]
2+ (left) and molecular
square of 24 (right) in, (H2L1 ¼ bis((2-methyl-imidazol-4-yl)methylene)-3,30-diaminodi-propyl-
































































6)]1.5+}n (25) containing only
one of the enantiomeric forms (Fig. 25).
The influence of pH on the production
of chiral metal–ligand assemblies can be
appreciated by the outcome of the reac-
tion of Zn(NO3)2$6H2O with
(2S,3S,4R,5R)-H4L (H4L ¼ tetrahy-
drofurantetracarboxylic acid) in the
presence of 1,10-phenanthroline (phen).63
At pH ¼ 2.0, the 1D structure of1360 | CrystEngComm, 2010, 12, 1354–1365[Zn2{(2S,3S,4R,5R)-L}(phen)2(H2O)]$
2H2O (26) was obtained, in which the
original 2S,3S,4R,5R configuration of
the ligand is maintained (Fig. 26). At
pH ¼ 2.5, the 2D layer structure of
[Zn4{(2S,3R,4R,5R)-L}{(2S,3S,4S,5R)-L}-
(phen)2(H2O)2] (27) is obtained in wherein
the initial meso-L ligands are now present
as an enatiomeric pair, (2S,3R,4R,5R)-
and (2S,3S,4S,5R)-L (Fig. 26).This journThe ability to control the crystallisation
kinetics aiming at the creating of one
particular chiral form of metal–ligand
assembly has recently been demonstrated
by the control of reaction pH of the
reaction of Cu(NO3)2 with 4,4
0-bpy and
succinate.66 Despite the fact that every
coordination polymer chain of Cu(succi-
nate) in the 3D network of
[{Cu(succinate)(4,40-bpy)}n]$(4H2O)n
(28) (Fig. 27) is helical and inherently
chiral, the equal probability of forming
the two enantiomeric forms means that
the bulk material is a racemic conglom-
erate and not optically active. Consistent
are the CD-silent (Fig. 28) samples ob-
tained upon quick crystallization at pH
8.4. Adding ammonia to the reaction
caused complexation of Cu(II) ion, in
competition with its coordination with
the succinato ligand; as the pH of the
reaction was gradually increased, Cu(II)
was slowly released and the crystallization
of the corresponding Cu(II)-succinate
coordination polymer was controlled. In
the extreme case of one crystallization
event, the sole single crystal must be in
one of the enantiomeric forms, present in
100%. This is the case when the pH of the
reaction mixture was raised to 9.2; out of
the 30 crystallisations investigated, all of
them are CD active (Fig. 29), demon-
strating that chiral symmetry breaking
was achieved. Corroborating is the
somewhat active CD spectra of the
sample when the pH was 8.7; the sample is
somewhat CD active in the bulk (Fig. 30).4 pH effect on the in situ
synthesis of metal/ligand
reactions
In situ synthesis of organic ligands, often
under hydro(solvo)thermal conditions in
the presence of presumably catalytic
metal ions, and the subsequent metal
coordination chemistry are important
research topics in both coordination
chemistry and synthetic organic chem-
istry.70 More than 10 general types of in
situ transformation of organic ligands
have been reported, including hydroxyl-
ation,71 alkylation,72 carbon–carbon
bond formation,73 hydrolysis,74 tetrazole
and triazole formation,75 acylation76 and
others.77 We provide here only two
examples of how pH conditions affect the
outcome of the in situ ligand synthesis andal is ª The Royal Society of Chemistry 2010
Fig. 25 Top view showing the layer structure of 25, in which the same enantiomers (C¼ green) are
linked by intermolecular imidazole–imidazolate hydrogen bonds. (Reprinted with permission from
ref. 49. Copyright 2002 The American Chemical Society.)
Fig. 26 Configurations and coordination modes of L ligands in 26 and 27. (Reprinted with
permission from ref. 63. Copyright 2009 WILEY-VCH.)
Fig. 27 ORTEP plot showing with thermal ellipsoids set at the 30% probability level showing the
right-handed helix of polymeric [{Cu(succinate)}n] (up, left), the left-handed helix of polymeric
[{Cu(succinate)}n] (up, right), and the overall structure of 28 (down) viewed along the c axis. (Re-































































View Onlinemetal coordination of the resulting
ligands. Interested readers are referred to
two comprehensive reviews71 that are
dedicated to detailed discussions of in situ
ligand synthesis and metal complexation.
The reaction using a mixture of
Cu(NO3)2, 1,2,3-btcH3 (1,2,3-btcH3 ¼
1,2,3-benzenetricarboxylic acid) and 4,40-
bpy78 produced in the absence of NaOHThis journal is ª The Royal Society of Chemistrya 3D network {[Cu2(1,2,3-btc)(4,4
0-
bpy)(H2O)2](NO3)}n (29) wherein the
tricarboxylic acid ligand maintains its
original form (Fig. 31). With the addition
of 2 equiv. NaOH to the reaction mixture,
a 3,4-connected 2D network of
[Cu2(ip)(ipH)(4,4
0-bpy)1.5]n (30) (Fig. 32)
was obtained, and the btc ligand has now
been transformed into isophthalate (ip).2010Further increase of the amount of NaOH
to 4 equiv. resulted in the assembly of
[Cu3(ipO)2(4,4
0-bpy)0.5(H2O)2]n (31),
a 2D network (Fig. 33) featuring 2-hy-
droxyisophthalate (ipO) transformed
from 1,2,3-btcH3. The in situ ligand
transformation is conveniently summar-
ised in Fig. 34.
The second example involves the use of
iminodiacetic acid (INA) in the hydro-
thermal synthesis of its lanthanide
complexes.79,80 A mixture containing
iminodiacetic acid and Ln2O3 at pH ca. 1
produced 2,5-dioxopiperazine-1,4-di-
acetic (32) (Fig. 35), a product formally
generated by a pair of intermolecular
condensation reaction between one of the
carboxylic groups of one INA and the
amino group of the second INA, whereas
while at pH ca. 4, some of the ligand was
transformed into oxalate, co-existing with
the undecomposed INA ligand. Not
surprisingly, different 3D metal–organic
architectures of [Dy2(ox)2L(H2O)2]n (L ¼
2,5-diketopiperazine-1,4-diacetate, ox ¼
oxalate) (33) and {[Dy2(ox)2Ni(IDA)2-
(H2O)2]}n$2nH2O (34) were obtained
under these different pH conditions, and
their structures are shown in Fig. 36 and
Fig. 37, respectively.5 Summary and outlook
In this Highlight the interesting and often
surprising results from recent studies of
pH effects on the assembly of metal–
organic architectures are summarized.
This Highlight only attempts to illustrate
the key effects observed when the pH
condition of the reaction varies, and is not
intended to be a comprehensive survey of
studies where pH effects are involved.81–84
Thus, only certain selected yet represen-
tative ligand systems (carboxylate, POM,
imidazole-based) are chosen for the
demonstration of the pH influences,
which include pH-dependent ligand
forms, the generation and metal coordi-
nation of hydroxides, in situ ligand
transformation to different kinds, and the
control of crystallization kinetics. It is
clearly that pH condition plays an
important role in determining the final
structures of the metal–organic architec-
tures. Notwithstanding the progresses
that have been made recently, it appears
that predicting any specific effects caused
by pH change remains an inexact practice
as not only such effects are not knownCrystEngComm, 2010, 12, 1354–1365 | 1361
Fig. 28 Crystallization using pH 8.3 solutions. (a) A rapid crystallization of 28 yielding a large
number of small crystals. (b) The solid-state CD spectra of bulk samples of 30 different crystal-
lisations. (Reprinted with permission from ref. 66. Copyright 2007 WILEY-VCH.)
Fig. 29 Crystallization using pH 9.2 solutions. (a) The production of a small number of crystal
clusters of 28 with slow evaporation of the reaction mixture. (b) The solid-state CD spectra of bulk
samples from 30 different slow crystallisations. The positive and negative values correspond to the
right- and left-handed helices, respectively. (Reprinted with permission from ref. 66. Copyright 2007
WILEY-VCH.)
Fig. 30 Crystallization using pH 8.7 solutions. (a) The production of a relatively small number of
crystal clusters of 28 with slow evaporation of the reaction mixture. (b) The solid-state CD spectra of
bulk samples from 30 different crystallisations. The positive and negative values correspond to the
right- and left-handed helices, respectively. (Reprinted with permission from ref. 63. Copyright 2007
WILEY-VCH.)
Fig. 31 Perspective views of the 3D network
of 29. (Reproduced from ref. 78 by permission
of The Royal Society of Chemistry (RSC) for
the Centre National de la Recherche Scientifi-
que (CNRS) and the RSC.)
Fig. 32 Perspective views of the 2D network
of 30. (Reproduced from ref. 78 by permission
of The Royal Society of Chemistry (RSC) for
the Centre National de la Recherche Scientifi-
que (CNRS) and the RSC.)
Fig. 33 Perspective views of the 2D network
of 31. (Reproduced from ref. 78 by permission
of The Royal Society of Chemistry (RSC) for
the Centre National de la Recherche Scientifi-
que (CNRS) and the RSC.)































































View Onlinea priori, there is often more than one effect
that comes into play, leading to complex
and diverse structures of the metal–
organic assemblies. Furthermore, the
assembly of the solid state structures of
such architectures is governed by
a number of intermolecular forces in
addition to the pH influence. Frequently
the balance between these different forces
are so subtle that an explanation of
certain structures observed is admittedly
not yet available. For example, the
reasons for the generation of structural
isomers using the same mixture of
Co(OAc)2$4H2O, 5-tert-butyl isophthalicThis journacid (tbip) and 1,3-bi(4-pyridyl)propane
(bpp) at different pH conditions,28 the
spontaneous resolution of chiral metal–
organic architecture as demonstrated in
the reaction of tris[2-(((imidazol-4-yl)-
methylidene)amino)ethyl]amine with
Co(ClO4)2, and the in situ formation
of the two different types of ligands in
the reaction of Cu(NO3)2 with 1,2,3-
btcH3 and 4,40-bipy78 are unclear49
Another example of particular note is
the formation of two closely related
crystal structures by the reaction of 1,3-
bis(5-methylimidazol-4-ylmethyleneimino)-
propan-2-ol (H2BIPO) with Cu(II) ion.
46
These two metal–organic architectures,
shown in Fig. 38, have the same formula
and identical individual chain structure.
However, one crystallized in the centro-
symmetric space group P21/n with its
adjacent helical chains packed in opposite
directions, whereas the other crystallised
in the chiral space groups (P21) and theal is ª The Royal Society of Chemistry 2010
Fig. 34 Fate of 1,2,3-btcH3 in media with different equivalents of NaOH. (Reproduced from ref. 78
by permission of The Royal Society of Chemistry (RSC) for the Centre National de la Recherche
Scientifique (CNRS) and the RSC.)
Fig. 35 Schematic view of hydrothermal in situ generation of 32.
Fig. 36 Stick plot showing the 3D structure of 33.
Fig. 37 Ball and stick plot showing the 3D structure of 34.
Fig. 38 (a) Two adjacent helical chains arranged in opposite directions in {[Cu(HBIPO)]-
ClO4$H2O}n. (b) All adjacent helical chains arranged in the same direction in {[Cu(HBIPO)]-
ClO4$H2O}n.































































View Onlinechains are arranged in the same direction
(Fig. 38).
Further progress and a better under-
standing of the diverse effects of pH
condition depend on more systematic
studies, for example, by using the same
ligand system. Mechanistic studies aiming
at discerning the individual and specific
contributions of various effects appears to
be critical also. For example, isolation of
any possible intermediates should provide
insight into at which particular step the
effect comes into play. Probably most
needed at this stage are the computational
studies, essentially none at this point, of
the often energetically close systems due
to the pH effects. Combined, the experi-
mental and computational studies will
reward us with a better understanding of
such effects and the ability to manipulate
them in the context of crystal engineering
for the making of structurally sophisti-
cated and functionally stimulating
materials.Acknowledgements
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